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ABSTRACT The circular genome of Staphylococcus au-
reus was cut into two fragments by a simple enzymatic method
that cleaves a 10-base-pair site. The recognition sequence,
A-T-C-G-mA J T-C-G-mA-T, was created by the combined use
of the methylase MoCla I (A-T-C-G-mA-T) and the restriction
endonucleaseDpn I (G-mA 4 T-C). This technique is insensitive
to CpG methylation and in human DNA is predicted to produce
fragments that, on average, are greater than five million base
pairs. The ability to create such long pieces of DNA should
facilitate mapping of large, complex chromosomes.

Cutting chromosomes into a few, long fragments would
markedly simplify the task of organizing and mapping com-
plex genomic DNA. To reduce significantly the number of
pieces that result from the cleavage of large genomes, it will
be necessary to cut DNA into fragments that are greater than
one million base pairs (1 Mb) and perhaps as large as 10 Mb.
Recent work using pulsed-field electrophoresis (PFE) has
resulted in the separation of intact, chromosomal DNA as
large as 12 Mb (1, 2). However, present methods of cleaving
DNA do not take advantage of this separation technology
because they cut too frequently. It is generally true that the
longer the recognition sequence of a DNA cleavage system,
the less frequently it will cut and the larger the resulting
fragments. To generate consistently pieces ofDNA that are
longer than 1 Mb requires a cutting technique with a recog-
nition specificity of 10 base pairs (bp). The longest recogni-
tion sequence found in the case of type II restriction endo-
nucleases is 8 bp (3), and on most genomes, the average size
of fragments produced by these rare-cutting restriction en-
zymes is <1 Mb (4). A number of other enzymatic and
chemical techniques that cut DNA less frequently than
restriction endonucleases are still in the early stages of
development (e.g., refs. 5 and 6).
We previously described a method that uses adenine

methylases to generate novel 8- and 10-bp recognition se-
quences for the methyladenine-dependent endonuclease Dpn
I (G-mA I T-C; mA, N6-methyladenine) (7). It was possible
with this technique to cleave a 10-bp recognition sequence on
a specially constructed plasmid by using the adenine meth-
ylase M-Cla I (A-T-C-G-mA-T) with Dpn I. However, the
technique had not been successfully applied to genomic
DNA. We now demonstrate the improvement of the M-Cla
I/Dpn I system and show that it can produce specific
fragments of 1 Mb and greater in size by using the genome of
the bacteria Staphylococcus aureus as a model substrate.

MATERIALS AND METHODS

DNA Preparation. Genomic DNA was prepared from S.
aureus ISP8 that was provided by Peter Pattee (Iowa State

University, Ames). The cells were grown to stationary phase,
pelleted, and washed. Blocks or "inserts"of agarose contain-
ing S. aureus were made by first mixing SeaPlaque agarose
(FMC BioProducts, Rockland, ME), final concentration of
1%, with 1010 cells per ml and allowing the mixture to solidify
in 100-ul rectangular molds. Genomic DNA was prepared
within the agarose inserts by a modification of a previously
described method (8, 9). In brief, the 100-plI inserts were
digested with lysozyme at 1 mg/ml and lysostaphin at 1 mg/ml
(Sigma) in 100 mM EDTA at 37TC for 2 hr. This was followed
by treatment with protease at 1 mg/ml (Sigma) in 1% SDS and
250 mM EDTA at 600C for 12 hr and finally by washes in TE
(10 mM Tris chloride/i mM EDTA) at room temperature.

Bacteriophage A dam- was purchased from New England
Biolabs. Concatemers, formed spontaneously in the tube,
were loaded directly into the gels and used as size markers.
Saccharomyces cerevisiae chromosomes were prepared as
previously described and served here as size markers (10).
XP12 DNA was provided by Rick Morgan (New England
Biolabs).
Enzymes. M-Cla I (11, 12) and Csp I were provided by

Michael Nelson (University of Chicago). M-Cla I can be
purchased from New England Biolabs. Dpn I was purchased
from Boehringer Mannheim. Taq I and Cla I were purchased
from New England Biolabs.

Cleavage Reactions. Many different buffers and reaction
conditions were used to optimize the 10-bp cleavage system
in agarose. Using DNA embedded in agarose inserts, we
found that in KGB (100mM potassium glutamate/25 mM Tris
acetate, pH 7.6/10 mM magnesium acetate/bovine serum
albumin at 50 Ag/ml/1 mM 2-mercaptoethanol) (13) the best
results for the M-Cla I and Dpn I reaction (MoCla I/Dpn I)
were obtained with slightly lower temperatures, longer re-
action times, and higher concentrations of S-adenosylme-
thionine (SAM) than those recommended by the vendor. To
produce fragments below 1 Mb, the enzymes were used
simultaneously in double digests: 5 units of Csp I, 5 units of
M-Cla I, and 5 units ofDpn I were incubated with one-fourth
of an agarose insert (25 ,ul) in 100 ,ul of KGB containing 160
p.M SAM at 30'C for at least 6 hr.
The production ofmegabase fragments required sequential

reactions to minimize nonspecific nuclease activity. DNA-
containing inserts were treated with 5 units of M-Cla I in 100
pul of modified KGB (KGB with no magnesium) containing
160 p.M SAM at 30'C for 6-12 hr, followed by heat treatment
at 550C for 30 min. The methylated DNA was digested for 6
hr with 5 units ofDpn I in the presence of 20 mM magnesium
acetate.

Methylation and cleavage ofXP12 DNA were performed in
KGB under conditions that were otherwise recommended by
the manufacturer.

Electrophoresis Apparatus. PFE was performed on a Gene-
Line transverse alternating field electrophoresis system (14)

Abbreviations: PFE, pulsed-field electrophoresis; SAM, S-adeno-
sylmethionine; mA, N6-methyladenine; Mb, million base pairs.
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Table 1. Candidate methylases for the methylase/Dpn I strategy

Recognition Methylase/Dpn I site
Methylase specificity* Size, bp Sequence

M.CviBIIIt TCGA 8 TCGATCGA
MTaq It TCGA TCGATCGA
M-Tth It TCGA TCCAICGA
M'Ban III ATCGAT 10 ATCGATCGAT
M-Bsp XI ATCGAT ATCCAMCGAT
M-Bsc I ATCGAT ATCCAICGAT
M-Cla It ATCGAT ATCGATCGAT
M-Mbo Ilt GAAGA GAACAXCTTC
M-Ncu I GAAGA GAAGAIQTTC
M-Mme I GTYGGA 11 GTYGCAICCRAC
MAcc III TCCGGA 12 TCCGfAICCGGA
MAma I TCGCGA TCGCCAICGCGA
M-BspHI TCATGA TCATfAICATGA
MIKpn2I TCCGGA TCCGGATCCGGA
M-Mro I TCCGGA TCCGGATCCGGA
M-Nru I TCGCGA TCGCGATCGCGA
M-RspXI TCATGA TCATGATCATGA
M-SalDI TCGCGA TCGCGATCGCGA
M-Taq II GACCGA GACCGATCGGTC
M-Xba It TCTAGA TCTAGATCTAGA
M-EcoR1240 GAAN6RTCG 13 GAAN4CGATCGN4TTC
M.EcoR124/3t GAAN7RTCG GAAN5CGATCGN5TTC
M-EcoBt TGAN8TGCT 14 AGCAN5TGA=AN5TGCT
*The adenine residues that are methylated are italicized.
tConfirmed methylage/Dpn I cleavages. The others are theoretical,
based on known restriction recognition sequences. M-Hph I (T-
inC-A-C-C), M-BspMII (T-C-C-G-G-A), M-Sbo 13 (T-C-G-C-G-A),
and M-EcoDXXI (T-C-A-N7-mA-T-T-C) are excluded because they
cannot methylate at G-mA-T-C.
tM.EcoR124 (G-A-A-N6-R-T-C-G, where R = G or A), M-EcoR124/3
(G-A-A-N7-R-T-C-G), and M-EcoB (T-G-mA-N8-T-G-C-T) are type
I methylases and might be impractical in vitro.

purchased from Beckman Instruments. A PC 750 pulse con-
troller, purchased from Hoefer Scientific Instruments, was
used to steadily increase (ramp) pulse times when necessary.

Electrophoresis was performed by using 1.2% agarose gels
in 0.25x TAE buffer (10 mM Tris acetate/0.25 mM EDTA).
The gels were cooled to 10°C during electrophoresis by
circulating 0.25x TAE buffer with an RM-20 Lauda refriger-
ating circulator. PFE ofDNA fragments produced by the Csp
I and double digests was conducted at 10 V/cm with a pulse
time of 1 sec with a 2-sec ramp for 20-24 hr. DNA fragments
produced by M-Cla I/Dpn I were separated by PEE by using
5 V/cm for a total of 48 hr with pulse times of 300 or 500 sec.

Standard 6% polyacrylamide gel electrophoresis was per-
formed in TBE buffer (89 mM Tris borate/2 mM EDTA) to
separate XP12 DNA.

RESULTS
Creating a 10-bp Recognition Sequence for Dpn I. The 8-bp

recognition sites of Not I and Sfi I are the longest of any

S'.. .ATCGATCGAT... 3' + M-Cla I + SAM
3'...TAGCTAGCTA... S'

known restriction endonuclease. Yet, by employing adenine
methylases that recognize a portion of the Dpn I recognition
sequence, Dpn I sites with an apparent specificity of 8 bp or
more can be created (Table 1). One such Dpn I site results
from methylation by M-Cla I at a 10-bp sequence that consists
oftwo overlapping M-Cla I sites (Fig. 1) (7). Calculation ofthe
expected frequency of this recognition site, 5' A-T-C-G-
mA l T-C-G-mA-T 3', on DNA of random composition
indicated that fragments of 1 Mb could be expected (4, 9).

Variables Encountered when Cutting Genomic DNA into
Large Pieces. Since very large pieces ofDNA shear in liquid,
it is necessary to prepare them embedded in agarose. How-
ever, agarose notably inhibits the activity of most restriction
enzymes. To achieve satisfactory cutting in agarose, the
performance of some enzymes can be optimized by altering
recommended reaction buffers and conditions. We have
found that a potassium glutamate buffer (13) and slightly
lower temperatures than those recommended by the manu-
facturers yield the best conditions for complete methylation
or cleavage ofDNA in agarose (see Materials and Methods).
Commercial preparations of restriction endonucleases and

methylases, including Dpn I and M-Cla I, often contain
contaminating, copurified endonucleases. Though this level
of nuclease contamination has little effect on the smaller
fragments ordinarily produced by enzymatic digestion,
pieces of DNA in the megabase range are degraded. We
initially worked with pieces of 50-1000 kilobase pairs (kb) to
bypass this problem. The task was accomplished by cutting
a bacterial genome, S. aureus, with a rare-cutting enzyme,
Csp I [C-G-G-(A/T)-C-C-G]. S. aureus cells were embedded
in agarose, and DNA was prepared as described in Materials
and Methods. When the DNA in the agarose inserts was cut
by Csp I and separated by PFE, we observed 10 bands (Fig.
2), where the largest is 750 kb and the smallest is 50 kb. By
comparing these pieces to the A phage ladder (48.5 kb per
concatemerized genome), run simultaneously as a size mark-
er, we estimate the S. aureus ISP8 genome to be at least 2.86
Mb.
The Cleavage of Genomic DNA by Dpn I After Methylation

with M-Cla I (M-Cla I/Dpn I). The small number offragments
produced by digesting the genome of S. aureus ISP8 with Csp
I and the absence of a G-mA-T-C methylation system (15)
permitted the detection of cutting by M-Cla I/Dpn I on
genomic DNA in agarose. Fig. 3 A and B, respectively, show
the simultaneous and sequential digestion of the S. aureus
genome with Csp I/M'Cla I/Dpn I. Two M-Cla I/Dpn I sites
are detected. First, the largest Csp I fragment of 750 kb
disappears in the double digest, and a new band appears at
450 kb. If the 450-kb fragment is from the band at 750 kb, then
one would expect to find another fragment at 300 kb. In fact,
the band at 300 kb appears to be more intense than the one
that results from Csp I digestion alone. Second, a site is
located in the Csp I band at 275 kb. The Csp I 275-kb fragment
is present to only a small degree after M-Cla I/Dpn I
digestion. In the double digest, a new band appears between
70 and 80 kb that can be seen on the gel by applying a faster
pulse time (Fig. 3C). If the 75-kb fragment is from the band

m m
S'.. .ATCGATCGAT... 3'
'.... TAGCTAGCTA... S'

m m

m m m m
S'.. .ATCGATCGAT.. .3' + Dpn I S'.. . ATCGAITCGAT.. .3'
3'.. .TAGCTAGCTA... S' + Mg2+ 3'...TAGCT AGCTA... S'

m m m m

FIG. 1. Cleavage at a 10-bp sequence with M-Cla I and Dpn I. Double-strand methylation by M-Cla I at two overlapping recognition sequences
(5' A-T-C-G-mA-T 3') generates a Dpn I cleavage site (5' G-mA I T-C 3') at a novel 10-bp sequence, 5' A-T-C-G-mA I T-C-G-mA-T 3'.

Proc. Natl. Acad. Sci. USA 86 (1989)



Proc. Natl. Acad. Sci. USA 86 (1989) 53

1

7l50 kb -

5(( -

I'75-
I)( -

200-

125i-

-50-

FIG. 2. PFE of S. aureus DNA fragments after cleavage by Csp
I. Digested S. aureus DNA, in agarose inserts, was loaded into a
1.2% agarose gel. To show separation up to 800 kb, the samples
underwent electrophoresis at 10 V/cm with a pulse time of 1 sec and
a 2-sec ramp for 21 hr. Cutting with Csp I (lane 1) results in 10 bands
whose sizes are approximately 750, 600, 500, 300, 275, 200, 125, 80,
70, and 50 kb. Concatemers of bacteriophage A DNA (lane 2) were
run as size markers. Each band of A DNA represents an increment
of 48.5 kb.

at 275 kb, one would expect to find another fragment at 200
kb. In fact, the band at 200 kb appears more intense than the
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one that results from Csp I digestion alone. This indicates that
the Csp I band at 275 kb is cut to yield pieces of 75 kb and 200
kb (visualized as a doublet).
The Cleavage of the S. aureus Genome into Two Pieces. Two

very large fragments result after S. aureus DNA is treated
with M-Cla I followed by Dpn I (Fig. 4). This is the first
demonstration of a 10-bp cleavage system producing frag-
ments in the million base-pair range and represents the largest
such fragments to be separated by PFE. The smaller frag-
ment, as determined from the yeast chromosomal marker, is
approximately 1 Mb in size. The DNA fragment represented
by the larger band is estimated to be 1.86 Mb or greater. This
value was derived as the difference between the minimum
genome size of2.86Mb (determined by Csp I digests) and the
other fragment of 1 Mb. However, the size of the larger S.
cerevisiae chromosomal bands, present in the marker lane,
has not been published.
The greater susceptibility of large fiagments ofDNA to the

low levels of nuclease contaminating restriction enzyme
preparations is seen with the 10-bp cleavage system. Diges-
tion with M*Cla I/Dpn I alone produces more detectable
degradation, seen as greater background, compared to cleav-
age by Csp I/M'Cla I/Dpn I. Most of this degradation takes
place during Dpn I digestion in the presence of magnesium
ions, although M-Cla I in the presence of magnesium also
causes damage to large DNA fragments (data not shown).
The sequential reaction, with the methylation done in the
absence ofmagnesium, limits the effects ofcontaminants that
are copurified with the M-Cla I.

Inensitivt of MoCla I to CpG Methylation. Almost all
restriction systems with CpG in their recognition sequence
are inhibited by CpG methylation (16), a modification that is
found extensively in human DNA. Although Dpn I is insen-
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FIG. 3. PFE of double digest products of S. aureus DNA by Csp I/M-Cla I/Dpn I. (A) Simultaneous technique. S. aureus DNA, in agarose
inserts, was digested with Csp I alone (lane 2) or simultaneously with Csp I and M-Cla I/Dpn I (lane 3). The samples were then loaded into 1.2%
agarose gels. To show separation up to 800 kb, the samples underwent electrophoresis at 10 V/cm with a pulse time of 1 sec and a 2-sec ramp
for 21 hr. Two M-Cla I/Dpn I (lane 3) sites are detected. The largest Csp I (lane 2) fragment is cut to give a new band at 450 kb and a doublet
at 300 kb. The second site results in cleavage of the Csp I band at 275 kb to produce doublets at 200 kb and 75 kb. Uncut genomic S. aureus
DNA (lane 1) and bacteriophage A DNA (lane 4) were used as standards. The photograph was assembled from nonadjacent lanes of the same
gel. (B) Sequential technique. S. aureus DNA was first methylated with M-Cla I, in the absence ofMg2+ and then heat treated. Csp I alone (lane
2) or Csp I and Dpn I (lane 3) were then added with Mg2+. Electrophoresis of the DNA was carried out as described in A. As a size marker,
A phage DNA was used (lane 1). (C) To increase separation of bands below 100 kb, electrophoresis was done at a shorter pulse time and ramp.
The gels were pulsed at 10 V/cm for 1 sec with a 0.2-sec ramp for 18 hr. The bottom four bands of the Csp I digest (lane 2) are seen. A new
band appears between 70 and 80 kb on the Csp I/M-Cla I/Dpn I double digest (lane 3). Concatemerized A phage DNA ladders (lane 1) and HindIll
digest of A DNA (lane 4) were used as size markers.
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FIG. 4. PFE of sequential digest of S. aureus DNA with MeCla
I/Dpn I. S. aureus DNA inserts were methylated with M-Cla I
in magnesium-free buffer (lanes 1-3). The samples were then heat
treated and digested with Dpn I only (lanes 2 and 3). Electrophoresis
ofthe gels was performed at 5 V/cm, with a pulse time of 300 sec (A)
or with a pulse time of 500 sec (B) for a total of48 hr. The arrowheads
point to two bands in the megabase range. The smaller band is -1 Mb
and the larger band is estimated to be 1.86 Mb. S. cerevisiae
chromosomes were used as size markers (lanes 4 and 5).

sitive to CpG methylation, we wanted to determine the
sensitivity of M-Cla I to this common modification. To do
this, we used XP12, a bacteriophage from Xanthomonas
oryzae, the DNA of which is fully modified at cytosine as
5-methylcytosine (17). All CpG dinucleotides of XP12 are
therefore methylated. If M-Cla I were unaffected by CpG
methylation, then M-Cla I would be expected to block a
subset of Taq I (5' T a C-G-A 3') recognition sites in XP12.
Fig. 5 shows that when XP12 DNA is first methylated with
M-Cla I and is then cut with Taq I a new band appears that
is not seen when the DNA is treated with Taq I alone. As a
result, M-Cla I/Dpn I is expected to be insensitive to
methylation of the dinucleotide CpG in human DNA. Five
other adenine methylase/Dpn I strategies also proved to be
insensitive to CpG methylation (data not shown and ref. 16).

DISCUSSION
Physical mapping of large genomes would be facilitated by
cleavage strategies that result in fragments averaging over 1
Mb. DNA fragments of more than 1 Mb are not ordinarily
produced by type II restriction endonucleases. The fre-
quency of occurrence of a restriction enzyme's recognition
site determines the average size of the fragments it produces.
A recognition sequence's frequency is partly a function of its
length. It is also dependent on the relationship between the

FIG. 5. Cross-protection of XP12 DNA by MoCla I. Two
micrograms ofXP12 DNA was treated with 5 units ofMCla I at 370C
for 1 hr prior to digestion with 15 units of Taq I at 650C for 4 hr (lane
1) or was simply digested with Taq I alone (lane 2). The resulting
fragments were separated by standard electrophoresis in a 6%
polyacrylamide gel. The arrowhead points to a band that results from
the protection by MiCla I of a Taq I site (lane 1). As controls, A dam-
DNA was methylated with MiCla I (lane 3) or was untreated (lane 4)
prior to digestion with Cla I. The two extra Taq I fragments in lane
2 and the uncut A genomic band in lane 3 were clearly visible but are
not seen in this close-up photograph of a portion of the gel.

sequence's G+C content plus rare di- or trinucleotides and
the nucleotide content of the DNA to be cut (for reviews, see
refs. 4 and 18). Not I (G-C l G-G-C-C-G-C), which recog-
nizes the rarest known restriction site for human DNA,
cleaves human DNA into fragments that are <1 Mb, on
average.
To overcome the limit to the maximum size of a DNA

fragment produced by type II restriction enzymes, a strategy
that had previously only worked on a plasmid in liquid was
used (7). Dpn I is unusual in that in order to cleave DNA it
requires methylation of adenine in both strands of its recog-
nition sequence, 5' G-mA l T-C 3' (Fig. 1) (19, 20). We have
used an adenine methylase, M-Cla I, to create a cleavage site
forDpn I at a 10-bp recognition sequence. In DNA ofrandom
composition, such a 10-bp sequence would be predicted to
occur once every million base pairs. However, the need to
embed large DNA in agarose (to prevent shearing) adversely
affects the activity of most restriction enzymes. To achieve
satisfactory performance of M-Cla I/Dpn I, the reaction
conditions were optimized (e.g., ref. 13).
Due to its many technical advantages, we have used S.

aureus DNA as a model system for developing cleavage
strategies to be used in human genome mapping. We mea-
sured its genome as -2.86 Mb, which is 1000 times smaller
than the human genome. As a result, rare-cutting restriction
enzymes will produce few and discrete fragments. These
fragments can be evaluated by ethidium bromide staining
instead of by hybridization with radioactive probes, a pro-
cedure that would be necessary for more complex genomes.
Furthermore, the G+C content of S. aureus DNA (-34%)
and its di- and trinucleotide frequencies are similar to those
of human DNA (4, 9). Thus, restriction endonuclease recog-
nition sequences that are rare in the human genome are also
rare in the S. aureus genome. Calculation of the expected
frequency of the M-Cla I/Dpn I recognition site, 5' A-
T-C-G-mA l T-C-G-mA-T 3', in S. aureus indicated that two
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or three fragments of 1 Mb could be expected. The S. aureus
ISP8 genome cut with M-Cla I/Dpn I results in only two
fragments when the digest products are run by PFE. This
represents the longest recognition sequence for efficient
cleavage of DNA yet produced on a large genome.

In mammalian DNA, the dinucleotide sequence CpG is not
only rare, but it is also distributed in a nonrandom fashion (21,
22) and is extensively methylated at cytosine (m5CpG) in a
tissue-specific and developmentally regulated manner (23).
Restriction endonucleases that cut infrequently in the human
genome, such as Not I (G-C 1 G-G-C-C-G-C), do so primarily
because their recognition sequences contain CpG (4). Un-
fortunately, these enzymes are blocked by m'CpG. As a
result, some restriction sites are not cut or are only partially
cleaved, and the cleavage pattern varies between tissues and
cell lines. Although the unique M-Cla I/Dpn I recognition
sequence contains two CpG dinucleotides, methylation and
cleavage are not blocked by m5CpG (Fig. 5).
M-Cla I/Dpn I or other adenine methylase/Dpn I strategies

(Table 1) may be useful in constructing physical maps of
complex genomes. M-Cla I/Dpn I is predicted to produce
fragments averaging over 5 Mb in human DNA (4). Recently,
a 12.6-Mb chromosome of Neurospora crassa has been
separated by PFE (2). Thus, the major obstacle to producing
and then separating fragments of this size from human DNA
is the need for extremely pure adenine methylases and Dpn
I. The problem will likely be solved by the availability of
cloned enzymes. It is to be expected that the recent cloning
of Dpn I (24) will allow Dpn I of high purity to be prepared.

In another strategy, one can take advantage of human
DNA markers that are polymorphic when cut with restriction
endonucleases (RFLPs) and have been genetically linked to
each other and to specific chromosomal sites (25). Currently,
the average physical distance between adjacent RFLPs is
cstimated to be 5-10 centimorgans (5-10 Mb) (26). However,
genetic distances only loosely correlate with the physical
distance between markers (27). The physical mapping of
these genetically linked sites could be accomplished with
very large DNA fragments (generated by the methylase/Dpn
I cutting systems) that are distinguishable by PFE. In human
DNA, these big fragments could be linked to form a complete
physical/recombination map.
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